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We report on the development of a capacitance measuring system which allows measurements of capacitance
in pulsed magnetic fields up to 61 T. By using this system, magnetic-field responses of various physical quanti-
ties such magnetostriction, magnetic-field-induced change in complex dielectric constant, and magneto-caloric
effect can be investigated in pulsed-magnetic-field conditions. Here, we examine the validity of our system
for investigations of these magnetic-field-induced phenomena in pulse magnets. For the magnetostriction mea-
surement, magnetostriction of a specimen can be measured through a change in the capacitance between two
aligned electrodes glued on the specimen and a dilatometer. We demonstrate a precise detection of valley po-
larization in semimetallic bismuth through a magnetostriction signal with a resolution better than 10−6 of the
relative length change. For the magnetic-field-induced change in complex dielectric constant, we successfully
observed clear dielectric anomalies accompanied by magnetic/magnetoelectric phase transitions in multiferroic
Pb(TiO)Cu4(PO4)4. For the measurement of magneto-caloric effect, a magnetic-field-induced change in sample
temperature was verified for Gd3Ga5O12 with a capacitance thermometer made of a non-magnetic ferroelectric
compound KTa1−xNbxO3 (x = 0.02) whose capacitance is nearly field-independent. These results show that our
capacitance measuring system is a promising tool to study various magnetic-field-induced phenomena which
have been difficult to detect in pulsed magnetic fields.
I. INTRODUCTION
Magnetic field is one of the essential external parameters to
control physical properties that couple to various degrees of
freedom, such as spin, orbital, and valence. Extension of the
applicable field region has led to the discoveries of new phe-
nomena. To generate magnetic fields over 50 T, pulse magnets
are widely employed [1]. In addition to expanding the field
region, the development of measuring techniques of physical
quantities is indispensable.
Among various measurable quantities, we focus on the ca-
pacitance measurements. Capacitance measurements have
been widely performed in static magnetic fields. Through the
capacitance measurements, one can investigate various physi-
cal quantities. For example, a tiny lattice displacement can be
detected through capacitance between two aligned electrodes:
one of which attached to a specimen of interest is movable,
while the other is fixed. White developed measuring tech-
nique of thermal expansion, the relative length changes of the
specimen as a function of temperature, using a capacitance
dilatometer [2]. By measuring capacitance changes as a func-
tion of magnetic fields, we can obtain the magnetostriction.
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Furthermore, this capacitive method was extended for mag-
netic property measurements, for example, magnetic torque
[3] and magnetization [4]. Capacitance is, of course, a direct
measure of dielectric constant. Besides, non-magnetic mate-
rials having large capacitance are used for temperature sen-
sors, which is insensitive to the magnetic field. Therefore, the
capacitance measurement and its applications are useful for
studies of the magnetic-field-induced phenomena that couple
to multiple degrees of freedom in matter.
Although capacitance measurements are well established
in static magnetic-fields, measurements in pulsed-magnetic
fields have been rarely investigated up to now. There are some
difficulties for measurements in pulsed fields. Usually, the
conventional equipments used to measure capacitance, such
as LCR meter, impedance analyzer, and automatic capacitance
bridge, have rather long time constants required to obtain the
capacitance. Their time constants are typically several mil-
liseconds, which is comparable to the time duration of our
pulsed magnetic fields, e.g., 36 ms installed at ISSP, the Uni-
versity of Tokyo. These limitations motivate us to develop a
capacitance measurement system in pulsed-magnetic-fields.
In this paper, we describe our capacitance measurement
system in pulsed-magnetic fields up to 61 T and some exam-
ples of results obtained using this system. The capacitance
measurements using a pulse magnet and a capacitance bridge
are introduced in section II. As a known application of ca-
pacitance measurements, we describe details of the capacitive
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FIG. 1. (a) Schematic block diagram of the capacitance measuring
system in pulsed-fields. A sample (DUT) and a field pick-up coil
(PUC) are located in a cryostat. (b) An example of the reference and
output (sample) signals as a function time recorded by the digitizer,
which is a magnification of the pretrigger region of (c). (c) An ex-
ample of the acquired data, dµ0H/dt, sample, and reference signals
as a function of time.
detection of magnetostriction in III. IV describes the results
of complex dielectric measurements on a multiferroic mate-
rial. For further application of this system, we demonstrate
magneto-caloric effect (MCE) measurement using a field-
insensitive capacitance thermometer in V. Then, we conclude
with a summary of our system and its applications.
II. CAPACITANCE MEASUREMENTS IN
PULSED-MAGNETIC FIELDS
In this section, we introduce details of the capacitance mea-
surement in pulsed-magnetic fields, which is a common tech-
nique through this manuscript.
Capacitance was measured by using a capacitance bridge,
General Radio (GR) 1615-A. This bridge is a transformer-
ratio type using a single decade of transformer voltage divi-
sion and multiple fixed standard capacitors. To measure the
capacitance, we employed the three-terminal method. AC
voltage with a sinusoidal waveform generated by a function
generator is used for exciting the bridge. The output sig-
nal from the bridge [‘DET’ connection in Fig. 1(a)] is am-
plified by a preamplifier Stanford Research Systems SR560
passing through the band-pass filter. The resultant signal is
proportional to the off-balance between the sample, namely
the device under test (DUT), and the reference standards in
the bridge. The DUT is connected to the shielded connection
through the coaxial cables. The outer shield covers close to
the DUT as possible (see Figs. 3 and 9).
As shown in Fig. 1(a), the AC voltage output by a func-
tion generator is divided into two for correcting the phase shift
caused by the use of the preamplifier and band-pass filter. One
is connected to the ‘generator’ terminal of the bridge, and the
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FIG. 2. (a) Reference capacitance and conductance dependences of
the induced real (Vx) and imaginary (Vy) parts of demodulated out-
put voltage in the bridge for Pb(TiO)Cu4(PO4)4 at 4.2 K. (b) The
linear relation of capacitance (conductance) and the phase corrected
complex voltage V ′x (V ′y ).
other reference signal is directly connected to one channel of
the digitizer, Yokogawa DL850E used here, being plugged a
module 720268, having the 16-bit A/D converter. The signals
from the function generator (reference) and the amplified out-
put (sample) are recorded simultaneously by DL850E in the
single-shot acquisition mode. The AC signal applying for the
bridge is generated in burst mode to prevent change of phase
position in each experiment. The excitation amplitude is care-
fully selected not to distort the sample signal.
The signal from the sample is basically analyzed by per-
forming a standard lock-in analysis numerically [5]: a sinu-
soidal signal is multiplied to the sample and reference signals,
and then take a sliding average over multiple cycles of the si-
nusoidal wave to extract the real and imaginary components.
Figure 1(b) shows the reference and sample signals’ raw data
as a function of time at 0 T [magnification of the pretrigger
region of Fig. 1(c)]. Here, the modulation frequency f is
100 kHz, and the sampling rate is 1 MS/s. A phase difference
between the reference and sample signals can be clearly seen.
This phase shift is mainly caused by the use of a pre-amplifier
and band-pass filter and gives extrinsic offsets in capacitance
and conductance.
We can determine the phase rotation θ between the sample
and reference signals by comparing the real and imaginary
parts of the demodulated sample signals. Figure 2(a) shows
an example of the real (Vx) and imaginary (Vy) parts of the
demodulated signal with varying the capacitance (C) and loss
component (G) references in the bridge. With increasing the
reference C at constant G, Vx and Vy proportionally increase.
The θ is evaluated by arctan(Vy/Vx). The change in the refer-
ence G shows the similar trace rotated by 90 ◦.
Figure 2(b) shows the calibration curves C(V ′x) and G(V ′y),
where V ′x(V ′y) is the θ -corrected demodulated sample signal
Vx(Vy). We confirmed the clear proportionality between C(G)
and V ′x(V ′y). We convert the V ′x(V ′y) to C(G) that changes by
applied magnetic fields using the slopes of these traces.
Pulsed-magnetic-fields up to 61 T, having∼ 36 ms time du-
3ration, were generated by pulse magnets installed at the Inter-
national MegaGauss Science Laboratory in ISSP, at the Uni-
versity of Tokyo. The time evolution of the magnetic field
is obtained by integrating the induced voltage in the pick-
up coil [dµ0H/dt signal in Fig. 1(c)]. The measuring probe
was mainly made of non-metallic and non-magnetic materi-
als, namely to reduce electromagnetic force and heating dur-
ing the magnetic-field pulse (Figs. 3 and 9). The sample and
wires are rigidly fixed by varnish or epoxy resin, to minimize
the voltage noise caused by mechanical vibration.
III. MAGNETOSTRICTION MEASUREMENTS USING A
CAPACITIVE METHOD IN PULSED-FIELD
In this section, we discuss details of the magnetostriction
measurement in pulsed-magnetic fields using a capacitance
dilatometer. First, we briefly review the various techniques
of magnetostriction measurement in pulsed-magnetic field.
Next, the details of our dilatometer assembly are introduced.
Finally, experimental results of linear magnetostriction ob-
tained with a Bi sample are presented.
A. Various ways to measure magnetostriction in
pulsed-magnetic field
The linear (volume) magnetostriction, i.e., the change of
sample length ∆L (volume) as a function of a magnetic field,
is a thermodynamic constant and includes fruitful informa-
tion of the matters. Magnetostriction measurements in pulsed-
magnetic fields have been developed utilizing various tech-
niques used in static fields as follows.
The strain-gauge method is one of well-known techniques
to measure the change in the sample length. The resistive
gauge used in the static field was adopted for the studies in
pulsed-fields [6]. The change in resistance of gauge bonded
to the sample of interest is proportional to the change in the
sample length. However, the application of too large current
to obtain a high-resolution result heats the sample due to the
Joule heating in the gauge [7].
To eliminate the heating, piezoelectric materials are also
used as the strain gauges [8, 9]. Magnetostriction measure-
ment is attainable from the induced voltage due to the piezo-
electric effect caused by the change in sample length. Because
the voltage is self-induced, an external power source is unnec-
essary, and thus no Joule-heating of the gauge emerges. The
use of these simple gauges is advantageous to measure the
field-angular dependence of magnetostriction [9].
Recently, an optical method using a fiber Bragg grating
(FBG) has been developed for use in the pulsed-magnetic field
by Daou et al [10]. Since the use of optics, it has a sig-
nificant advantage of escaping from the inherent electromag-
netic noises from the pulsed-field generation. Further devel-
opments to use even under ultrahigh magnetic fields exceed-
ing 100 T (using a destructive pulse magnets) have attained
[11–13]. One can also find a successful work to 100.75 T
using a nondestructive pulse magnet [14]. The resultant ac-
curacy is the order of 10−7 in pulsed-fields [10, 12]. In addi-
tion to longitudinal magnetostriction measurement, transverse
magnetostriction measurements (∆L ⊥ µ0H) were also re-
ported [15, 16].
The capacitance method is also a well-known alternative
technique for magnetostriction measurement in the static-
magnetic fields. Kido achieved the adaptation to use it in
the pulse-magnetic field using a small nonmagnetic and non-
metallic dilatometer [17]. A simultaneous measurement of
magnetostriction and magnetization in the pulsed magnetic-
field was also developed [18].
Here, we introduce the longitudinal magnetostriction mea-
surement using the capacitance method in more detail. Al-
though we will not discuss here, this method can be adapted
for the transverse magnetostriction measurements [19].
B. The detail of capacitance dilatometer assembly
For the capacitive magnetostriction measurements, we use
a homemade capacitance dilatometer cell. Figure 3 draws
a schematic of our dilatometers used for longitudinal linear
magnetostriction measurement. The design of these cells is
quite similar to those reported in [17, 18]. The cells are
made of nonmetallic and nonmagnetic materials, such as the
machinable ceramic Macor and fused silica. We change the
length of the cells depending on the sample length along the
magnetic field. The diameter of the cell used here is typically
8 mm. The maximum available diameter is limited by the
sample space of the cryostat.
M
ag
ne
tic
 fi
el
ds Coaxial cable
Au wire
Au or Al 
deposited
silica diskgap
(a) (b)
sample
f 8mm
Window
sample
f 8mm
Sample stage
FRP
Field pick-up 
coil
FIG. 3. Schematic drawings of two types of of our capacitance
dilatometers for the longitudinal linear magnetostriction measure-
ment. (a) Piston-cylinder type. The rectangular of the center part
of the cell (solid thick line) is a window to access the electrodes of
condenser. (b) Fixed-electrodes type. To make a contact with the
electrode on the sample, a side of the cylindrical sample stage is flat-
tened.
The cell consists of two electrodes, a cylinder, and two
stages, which are assembled at room temperature, as shown
in Fig. 3(a). To glue them, we usually use stycast 1266 or var-
4nish and keep these materials in a vise during the hardening
of the glue. The construction procedures are as follows. First,
the sample is polished carefully to have a parallel flat surface
on each side along the magnetic field direction, and then glued
to the sample stage. Second, an electrode is glued on the top
of the sample. The electrode is an Au or Al-deposited disk
made of fused silica. For depositing Au, Ge is deposited as a
buffer between Au and the silica. The typical thickness of the
metal film is 150 nm. Using the metal film as the capacitance
electrodes, eddy-current heating on the electrodes discussed in
Ref. [18] is not observed in our system. Third, another elec-
trode is fixed to the stage. As shown in Fig. 3(a), this stage can
move like a piston for the cylindrical cell and can adjust a gap,
namely the distance between capacitance electrodes. Fourth,
we make a gap between electrodes. The gap distance should
be small enough, since the gap distance is inversely propor-
tional to the capacitance. To make the gap while keeping the
electrodes parallel, we sandwich a polyimide film with a typ-
ical thickness of 5-25 µm between the electrodes through a
window of the side of the cell during gluing [Fig. 3(a)]. Here,
we pay attention to the effect of thermal contraction to deter-
mine the initial gap size, as will be discussed later. Finally,
the film is removed after the hardening of the glue.
Another cylinder-type cell is also shown in Fig. 3(b). Com-
pared to the previous piston-cylinder type configuration, an
electrode is directly glued to the bottom of the cylinder.
Therefore, the diameter of the fixed electrode is larger than
that on the sample. Thus, the displacement along the radius
direction of the cell is not necessary to be considered, which is
an advantage compared to the piston-cylinder type. The hight
of the cylinder determines the gap distance. And hence, the
hight should be tuned to make a suitable gap distance. Using
this type of dilatometer of fused silica, we can also measure
the temperature dependence of ∆L/L, namely thermal expan-
sion, which will be demonstrated later.
The magnetic-field variation of the capacitance between
electrodes of condenser can estimate magnetostriction with
the following relation.
∆L
L
=
ε0A
L
(
1
C0
− 1
C
)
, (1)
where ε0, A, C0, and C are the permittivity of vacuum ε0 =
8.854× 10−12 F/m, cross-section of electrode, the initial ca-
pacitance, and capacitance measured as a function of field.
Since C is proportional to A, we select the electrode disk di-
ameter to 6 mm here to be as large as possible to match the
cell. It is also noted that the C0 and C include the stray ca-
pacitance of the circuit. With increasing the capacitance by
reducing the gap and increasing the electrode area, the para-
sitic effect becomes negligibly small.
To obtain high accuracy, we have to pay sufficient atten-
tion to the temperature dependence of the gap caused by
thermal contraction. To estimate the suitable gap distance
set at room temperature, we compare the thermal expansion
of various materials reported previously in Fig. 4. In our
case, the cell consists of Macor or fused silica. Although
Macor has a relatively small thermal expansion coefficient
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FIG. 4. Temperature dependences of (a) linear thermal expansion
coefficient, α ≡ (1/L)(dL/dT ), and (b) linear thermal expansion of
various materials. Here, ∆L is measured from 300 K. Thermal expan-
sion of Cu measured by using the dilatometer of Fig. 3(b) is shown
for comparison. The data of Macor, fused silica (Vitresoil 1400), Bi,
Cu, and CeRu2Si2 are taken from Refs. [20], [21], [22], [23], and
[24], respectively.
α ≡ (1/L)(dL/dT ), the coefficient is not negligible for some
materials [20]. The α of Macor, for example, is compara-
ble to or smaller than those of a heavy-fermion paramagnet
CeRu2Si2, whose α is anisotropic reflecting the tetragonal
crystal structure [24]. In contrast to Macor, the α of the silica
is much smaller among the materials compared in Fig. 4(a),
although this coefficient varies with the temperature [21]. The
length change between room temperature and low tempera-
ture is negligibly smaller than those of the other materials, as
seen in Fig. 4(b). Using a dilatometer made of the silica, we
also demonstrate the thermal expansion measurement of Cu
[Fig. 4(b)]. The result agrees with the previous report within
10 % [23]. A number of the thermal expansion data for other
materials can be also found in the textbook [25].
C. Example of magnetostriction measurement: the case for the
valley polarization in Bi
As an example of the longitudinal magnetostriction mea-
surements using our capacitance dilatometer and measuring
system, experimental results obtained with a Bi sample are
presented. We selected this sample, because its magnetostric-
tion was already investigated up to 40 T [26, 27].
Bi is a nearly compensated semimetal having an almost
equal number of electrons and holes with typical densities of
1017 cm−3 (see, for example [28]). The Fermi surfaces consist
of highly anisotropic one hole pocket and three electron pock-
ets. The multiple constant energy landscapes at the different
positions in the momentum space are called valleys. The con-
trol of the valley is essential in terms of not only fundamen-
tal physics but also for applications. Application of magnetic
fields lifts the degeneracy of the valleys and causes complete
valley polarization at high fields [29], although several models
predict different scenarios [30]. Magnetostriction measure-
5ments may provide us the thermodynamic evidence for this
valley polarization.
Here, we demonstrate high-resolution longitudinal magne-
tostriction measurement of Bi, using our systems. A 9.0-
mm-long sample was set as drawn in Fig. 3(a) with the gap
of ∼ 7 µm at room temperature evaluated from the capaci-
tance value. The gap increases to ∼ 19 µm at 1.4 K owing
to the thermal contraction. In this magnetostriction measure-
ment, we applied large excitation voltages of 90 Vp−p using a
power amplifier (Turtle Industry Co. Ltd., T-HVA02) to im-
prove the resolution better than 10−6. The sample signal was
first amplified by a differential preamplifier (NF Corporation,
SA-400F3) and filtered by a band-pass filter. The measuring
frequency is 50 kHz.
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FIG. 5. Magnetic field dependence of the longitudinal magnetostric-
tion ∆L/L in Bi for H || bisectrix axis at 1.4 K. The horizontal dashed
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Landau level crosses with the Fermi level.
Figure 5 shows the longitudinal magnetostriction in Bi for
H || bisectrix axis at 1.4 K. A kink at 27 T and a sign-change
at 39 T (marked by arrows) are clearly observed, which corre-
spond to the quantum oscillation of the hole Landau subband
and valley polarization, respectively, as discussed in [31].
This capacitance method has an advantage over the strain
gauge method because Joule heating is negligible during mea-
surements. In addition, the small cell size of this capacitance
method makes it possible to change the magnetic field ori-
entation while preserving the setup [19]. However, for the
materials with an unknown thermal expansion coefficient, we
sometimes have to repeat the setups to obtain the optimal gap
size. Also, imperfect alignment of the electrodes leads to the
uncertainty of the absolute value. Therefore, the disadvantage
is that the smaller the sample, the more difficult it is to set up.
IV. EXAMPLE OF DIELECTRIC CONSTANT
MEASUREMENT: THE CASE FOR PB(TIO)CU4(PO4)4
In the study of multiferroic materials, electric polarization
measurements are powerful tools to investigate phase transi-
tions induced by magnetic fields [32]. Since higher sweep-
ing rate of magnetic fields yields larger displacement current
whose time-integral corresponds to magnetic-field-induced
electric polarization, measurements using pulsed-magnetic-
fields have great advantage in the study of multiferroic ma-
terials [33]. Therefore, a number of studies using pulsed-
fields on magnetic-field-induced electric polarization in mul-
tiferroic materials have been reported to date. This tech-
nique works only when the transition involves a change in
a macroscopic electric polarization. Dielectric constant, on
the other hand, can detect various types of dielectric prop-
erty changes, including antiferroelectric transitions and non-
(anti)ferroelectric structural transitions.
The dielectric constant ε is simply obtained by capacitance
measurements through the relation,
ε =
Cd
A
, (2)
where C, d, and A are the capacitance, distance between
the electrodes on the sample, and the cross-section area of
the electrode for the sandwich-type condenser configuration.
However, dielectric constant measurements using a pulse
magnet have been rarely reported so far [34, 35]. This moti-
vates us to establish the capacitance-based dielectric constant
measurement system suitable for pulsed-magnetic-field exper-
iments.
To demonstrate the performance of our measurement sys-
tem, we select multiferroic Pb(TiO)Cu4(PO4)4 (abbreviated
as PbTCPO hereafter) as a test material, which shows sev-
eral magnetic anomalies in high magnetic fields. Single crys-
tals of PbTCPO were grown by the slow-cooling method de-
scribed in Ref [36]. Figure 6(a) shows the previously reported
magnetic-field dependence of magnetization for H || c at 1.4 K
in PbTCPO [37]. The magnetization shows a clear jump at
µ0Hc = 12.3 T, hump structure at around 30 T, and spin satu-
ration at ∼ 42T.
Figure 6(b) shows the magnetic field dependence of the
complex dielectric constant along [110] in PbTCPO at 1.4 K.
The εr is a specific dielectric constant expressed as εr = ε/ε0.
The tanδ is a loss tangent defined as tanδ = G2pi fC . The pre-
vious experiments in a steady magnetic field reported that this
metamagnetic transition accompanies on antiferroelectric-like
transition [38]: an anomaly appears not in the electric polar-
ization but in the εr in the tetragonal c plane, as shown in
Fig. 6(b). As shown in this figure, the data obtained in a
pulsed field reasonably reproduces that in a steady field. In
a pulsed field, we can identify the anomaly in εr correspond-
ing to the spin saturation at ∼ 42 T. Moreover, we observed
a steep change in εr and tanδ at around 26 T, which corre-
sponds to a broad hump anomaly in magnetization. Although
the origin is unclear yet, our dielectric measurement detects
this anomaly.
Another example demonstrating the dielectric constant
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FIG. 6. (a) Magnetic field dependence of magnetization (left
axis) and the differential susceptibility dM/d(µ0H) (right axis) of
Pb(TiO)Cu4(PO4)4 for H || [001] at 1.4 K taken from Ref. [37]. (b)
Magnetic field dependence of dielectric constants εr (left axis) and
tanδ (right axis) along the [110] direction for H || [001] at 1.4 K.
For comparison, εr along the [100] direction for H || [001] at 2.0 K
measured in static field, taken from [38]. The data is offset by +0.5.
measurements using our system was already published for the
multiferroic system Co2V2O7 [35]. Clear peaks are observed
in dielectric constant when the system crosses the ferroelectric
phase with the field scan.
We believe that the dielectric constant measurement is sus-
ceptible to detect some changes of magnetic structures. In
addition to the widely studied magnetization and electric po-
larization in pulsed-magnetic-fields, the dielectric constant is
a mighty probe for magnetic insulators, such as multiferroic
and quantum spin systems. Since it is rarely studied the di-
electric constant beyond 50 T in many systems interested, our
technique may accelerate more in-depth understanding.
V. MAGNETO-CALORIC EFFECT MEASUREMENT IN
PULSED-MAGNETIC FIELDS USING A CAPACITANCE
THERMOMETER
In the previous section, we demonstrated precise measure-
ments of complex dielectric constants in pulsed fields. We
can develop this technique to magneto-caloric effect (MCE)
measurements using a nonmagnetic capacitance thermome-
ter. First, we briefly touch upon some examples of MCE
measurements in pulsed-magnetic fields, and mention some
problems to be overcome. Next, we discuss the usability of a
non-magnetic ferroelectric KTa1−xNbxO3 as a magnetic-field-
insensitive capacitance thermometer. Finally, we demonstrate
the MCE measurement of a magnetic refrigerant Gd3Ga5O12
using the above thermometer in pulsed-magnetic field.
A. MCE measurements in pulsed-magnetic field
MCE, a magnetic-field-induced change in temperature of
the specimen in adiabatic conditions, is quite attractive not
only for the fundamental investigation of physical properties
but for applications of magnetic refrigerators (see, for exam-
ple [39]). The MCE measurements at low temperatures are
very efficient at investigating phase transitions, since the en-
tropy changes detected by MCE reflect changes in any order
parameters. In addition, the magnetic Gru¨neisen parameter,
which can be determined by MCE, has recently received much
attention in the study of physics in the quantum critical point
[40, 41].
The experimental techniques to investigate the MCE by
field-sweep using a pulse magnet may be classified into two
types. One is an indirect method. The MCE is evaluated from
thermodynamic relation by comparing the magnetization data
measured in an adiabatic condition to the calculated isother-
mal one [42]. The difference between them arises from the
MCE when the calculation reproduces the isothermal magne-
tization. The other one is more direct measurement by sensing
the temperature change of material in adiabatic condition as a
function of the magnetic field [43–47]. Because of the short
duration of the pulsed-magnetic field, the adiabatic condition
can be generated rather easily. To monitor the temperature,
thermocouple [43, 47] or small resistance thermometer [44–
46] has been used.
In this direct method, compensation for the magneto-
Seebeck and magnetoresistance effect of the sensor is essen-
tial. A commercially available CernoxTM (zirconium oxyni-
tride) thermometer, for example, is known to show signifi-
cant non-monotonic magnetoresistance [48, 49], in particular
at temperatures below 2 K [44, 48, 50]. Moreover, we have to
pay attention to the Joule heating in the resistance measure-
ments of the thermometer at low temperatures.
A better choice would be a capacitance thermometer [51–
53]. The advantages of using capacitance thermometers are
their small magnetic field dependence of capacitance (magne-
tocapacitance) and no self-heating. For example, a magneto-
capacitance effect of 0.13% at 90 mK and 19 T was reported
for SrTiO3 [54]. This value is negligible compared to the tem-
perature coefficient. Therefore, it is believed that the temper-
ature dependence of capacitance measured at zero magnetic
field can be adopted for finite magnetic fields. In order to use
capacitance thermometer at higher fields, we have to clarify
the magnetocapacitance under such conditions.
7B. Temperature measurement of capacitance thermometer in
pulsed fields
To measure the temperature change in pulsed-magnetic
fields, we utilize a nonmagnetic-ferroelectric material
KTa1−xNbxO3 (abbreviated as KTN) as a capacitance ther-
mometer. The ferroelectric transition temperature Tc of KTN
is known to be tuned by Nb-doping to the Ta site [55]. Sin-
gle crystals of KTN with nominal x = 0.02 were prepared by
the flux methods [56]. To characterize our KTN samples, we
measured the temperature dependence of capacitance at zero
magnetic field using the Andeen-Hagerling (AH) 2500A au-
tomatic bridge with a measuring frequency of 1 kHz and GR
1615A with 50 kHz. Here, we limit the excitation voltage
to avoid non-linear P−E response. As shown in Fig. 7(a),
capacitance of KTN #1 displays a peak at Tc ∼ 30 K, which
corresponds to the ferroelectric transition reported previously
[55]. On cooling below Tc, capacitance monotonically de-
creases with a significant temperature coefficient. This sim-
ple temperature dependence below Tc is suitable for use as a
thermometer.
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FIG. 7. (a) Temperature dependence of capacitance of
KTa1−xNbxO3 (x = 0.02) #1 at zero magnetic fields measured at
1 kHz (lines) and 50 kHz (closed circles). The thermal cycle de-
pendences obtained at 1 kHz for T < 100 K and T < 30 K are
also shown, which are measured as temperature increases. (b) Tem-
perature dependence of the dimensionless temperature sensitivity
STd = (T/C)(dC/dT ) by using the C(T ) data measured at 50 kHz.
To evaluate the feasibility of our capacitance ther-
mometer, we introduce the dimensionless sensitivity STd =
(T/C)(dC/dT ). As shown in Fig. 7(b), STd varies approx-
imately from 0.04 (1.4 K) to 0.61 (15 K). These values
in this temperature region are slightly larger than those of
other ferroelectric perovskites, such as BaxSr1−xTiO3 [52] and
Sr0.95Ca0.05TiO3 [53]. These facts confirm that our KTN sam-
ple is suitable for the use of capacitance thermometer.
We note here that the C(T ) curve varies once the tempera-
ture increases across Tc, as shown by lines in Fig. 7(a). This
irreproducibility may arise from the nucleation of the ferro-
electric domains across Tc. By contrast, the C(T ) curve re-
mains reproducible below Tc. We performed heat-cycle test
below Tc cooling from room temperature after the C(H) mea-
surements (Fig. 8). As shown by colored lines in Fig. 7(a), we
can hardly identify the difference in theC(T ) curves up to the
third cycle. Therefore, we can safely use the calibration curve
of the thermometer unless the temperature of the thermometer
does not exceed Tc.
Next, we demonstrate the magnetocapacitance effect in
KTN. Figure 8(a) shows magnetic-field dependences of ca-
pacitance up to 61 T at several temperatures. As expected for
nonmagnetic ferroelectrics, KTN shows little magnetic field
dependence of capacitance at least below 40 K. This field de-
pendence is negligibly smaller compared to the temperature
dependence, as will be discussed next.
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FIG. 8. (a) Magnetic field dependence of capacitance of
KTa1−xNbxO3 (x = 0.02) #1 at various temperatures. (b) Magnetic
field dependence of the uncertainty (T − Tini)/Tini. For clarify, the
data are offset by 2%.
Figure 8(b) shows the magnetic field variation of (T −
Tini)/Tini, where Tini is the temperature just before applying
magnetic field. Here, we evaluate the temperature using the
C(T ) curve at zero field. Although the uncertainty varies with
temperature, it is approximately within ±1%.
We emphasize the advantages of capacitance thermometer
as follows. First, only the temperature scan of capacitance at
zero-field is required to use the thermometer in high magnetic-
fields. This simple calibration process is a great advantage
of our capacitance thermometer compared to the other ther-
mometers. Second, we can manufacture the thermometer hav-
ing desirable size and shape. This is important for MCE mea-
surements, as discussed in [45]. Third, for metallic samples,
this thermometer can be attached without electrical insulation
to the sample, which sometimes causes problem in the use of
a resistance thermometer. Finally, since current does not flow
through the thermometer, Joule-heating does not emerge.
C. MCE measurements in pulsed-magnetic field using a
capacitance thermometer
The setup for the MCE measurement is exemplified in
Fig. 9. To calibrate the capacitance thermometer at zero field,
8we placeed a calibrated CernoxTM thermometer behind the
sample holder made of quartz. The sample, Gd3Ga5O12 ab-
breviated as GGG, is glued to the holder by varnish. KTN
thermometer is attached to the top of sample by silver paint,
which also works as an electrode of capacitance measurement.
On the opposite side of KTN, another electrode is also made
of silver paint.
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FIG. 9. (a) Schematic of the probe setup for magneto-caloric effect
measurements. (b) Photograph of an example of the setup. It is noted
that the sample (Gd3Ga5O12, here) and the holder made of a quartz
plate are transparent, and thus the CernoxTM thermometer behind the
holder can be seen.
To keep the sample in quasi adiabatic condition during the
MCE measurement, we introduced this probe shown in Fig. 9
into a closed tube made of fiber-reinforced plastic. The inte-
rior of the tube was filled with He gas during the calibration
process of the KTN thermometer to isothermalize the KTN
and CernoxTM thermometers. After the calibration, we evacu-
ated inside of the tube for thermal isolation in the MCE mea-
surement.
D. Example of MCE measurement: the case for Gd3Ga5O12
We shaped another KTN (#2) into a thin plate (approxi-
mately 0.5×1.4×0.1mm3) to reduce the heat capacity and to
increase thermal conduction to the sample to realize adiabatic
condition in the MCE measurement [45]. The KTN #1 and #2
are taken from the same piece, whose magnetocapacitance ef-
fect is confirmed to be as comparable to that of #1. Figure 10
(a) shows the temperature dependence of capacitance of KTN
#2 attached to GGG. Below the peak temperature of ∼ 36 K,
capacitance monotonically changes as a function of temper-
ature, which can be expressed by a polynomial curve shown
in Fig. 10 (b). This expression is adopted for the tempera-
ture measurements in pulsed-magnetic field. The difference
in peak temperature and the slope of C(T ) between KTN #1
and #2 may be caused by slight inhomogeneity of chemical
composition in the KTN.
Using this KTN #2 thermometer, we demonstrate the MCE
measurement of GGG. GGG is a garnet type compound hav-
ing strong geometric frustration of Gd3+ spins, and hence, re-
50
40
30
20
10
0
T
 
(
K
)
121110987
C (pF)
 Data
 Polynomial fit
13
12
11
10
9
8
7
C
 
(
p
F
)
50403020100
T (K)
(a) KTa
1-x
Nb
x
O
3 
 (x = 0.02)
     #2
(b) 
FIG. 10. (a) Temperature dependence of capacitance of
KTa1−xNbxO3 (x = 0.02) #2 at 0 T measured at 50 kHz. The solid
line is just for guide. (b) The relation between capacitance and tem-
perature with a 5th order polynomial fitting result.
mains paramagnetic down to 0.4 K [57]. It is also confirmed
that no magnetic-field-induced phase transition occurs at least
up to 40 T above 4.2 K [42]. In the paramagnetic state, GGG
is known to show a large MCE at low temperatures, owing
to the large angular momentum S = 7/2 for Gd3+ [42, 45].
The single crystalline GGG sample was produced by Furu-
uchi Chemical Corporation. This sample is the same piece as
that used in Ref. [45].
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FIG. 11. Magneto-caloric effect on Gd3Ga5O12 measured in pulsed
magnetic field using a capacitance thermometer.
Figure 11 shows the magnetic-field dependence of the tem-
perature, namely MCE, of GGG. The initial temperature set
to be approximately 5 K increases with the magnetic field. At
the maximum applied field of 11 T, the temperature reaches
34 K. This result is in good agreement with previous results
[42, 45]. Since our thermometer used in this study shows a
9maximum in capacitance at 36 K, the calibration above this
temperature does not work well (Fig. 10). In addition, ther-
mal cycle across the peak temperature sometimes changes the
C(T ) curve as mentioned previously. These are reasons why
we limit this experiment up to 11 T here. We can measure the
MCE up to 61 T, if the effect is not as large as that in GGG.
VI. CONCLUSIONS
We have developed a system of capacitance measurement
in pulsed high magnetic fields up to 61 T. Using this system,
we developed miniature non-metallic capacitance dilatome-
ter cells for magnetostriction measurements. The efficiency
was confirmed by measuring longitudinal magnetostriction in
bismuth. We also measured complex dielectric constants of
multiferroic material. Measurement of the complex dielectric
constant could be a powerful tool for a magnetic insulators.
By measuring capacitance of non-magnetic KTa1−xNbxO3
(x =0.02), we realized field-insensitive measurement of tem-
perature. Using this thermometer, we demonstrated the
magneto-caloric effect of Gd3Ga5O12 in a pulsed magnetic
field. Our capacitance measuring system is a promising tool to
study various magnetic-field-induced phenomena which have
been difficult to detect in pulsed magnetic fields.
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